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USE OE AN ULTRASONIC-ACOUSTIC TECHNIQUE POR 
NONDESTRUCTIVE EVALJATION OP FIBER CONPOSITE STRENGTH 


Ale* Vary ar1 Kenneth J. Bowles 
National Aaronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio UU135 


suK-APy 


This report l»scrihe3 the ultrasonic-acoustic technique 
ustd to tneasuta a "Stress Wive Factor." In a prior study 
this factor was round effective in evaluatinq the 
interidminar shear rtrenqth of tiber-reinr orced composites. 
Details of tn>» method used to measure ♦■he stress wave factor 
are described. In addition, frequency spectra of the stress 
waves are analyzol in orler ♦© clarify the nature of the 
wave phenomena involved. The stress wave factor can be 
medsurel with simple contact probes requirinq only one-side 
access to a part. This is beneficial in nondestructive 
evaluations because th-* waves car. run parallel to fiber 
directions and thus mr asute material properties in 
directions assumel by ac*ual loads. "oreover, the technique 
can bt anpiieu whtre conventional through transmission 
techni |ues are impractical or where more quantitative da^a 
art' required. The ?tr-.»ss wave factor was measured for a 
series ot qra ph i ta/pol yi mid e composite panels and results 
obtainei are compared with throuqh transmission immersion 
ultrisonic scars. 


r NT RODMCT ion 


It is known th »t elistic and strenq^h properties car 
be determined from th-? measurement of ultrasonic-acoustic 
wave propaqatior throujh a material. For example, 

ultrasonic wave velocitit-s in miterials viell measurem“n*-s 
of tensile anl shear molili (ref. 1). it ha; recently bepp 
shown that ultrasonic ittpnuation in composites is sensitive- 
to factors (e. , microvoids) that influence ;3*TFnq^h 

)>ropertif;s. (ref. 2). Jor. vr i.t i ona 1 ultrasonic methods are 
curren'^ly limits 1 to -li scov.-rir ? detert.-j or i iscon tin ui ♦ i »s, 
c. I., de lami nat ions in com)<os1 ♦es, cracks in metals. Ther* 
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is considerable interest in nondestructive evaluation (HDE) 
of Material parts that contain only subtle sicrostructural 
variations. Advanced NDE technic|ues are needed to evaluate 
critical parts in order to ensure that they seet design 
requi resents. Tha general approach is to treat each 
hardware item as an unknown until an NOE technique has 
certified that it has the material properties intended. 


The work describe! herein is a continuation of a 
previously-reported study of an ultrasonic-acoustic method 
(tef. J). In that study it was shown that a "stress wave 
factor" measurement correlated strongly with the 
interlaminar shear strength of a qraphite-polyimide 
composite. This stress wave factor is a measure of the 
efficiency of stress wave energy transmission. It was 
demonstrated that greater values of this factor corresponded 
to graater interlamii.ir shear strength in the composite 
investigated. This report ^'escribes the methodology 
involved in measuring the stress wave tactor. Particular 
emphasis is given to describing the nature of the 
ultrasonic-acoustic wav-js generated by tha method. Pesults 
using the stress wave tactor are compare! with results 
obtained with thr conventional through transmission, 
immersion ultrasonic method. 


PF03*;t'MP«: A*.’D PESULTS 


Por th^ c*‘sts described herein, fifteen AS-graphite 
PIP-15 polyimide pantls were fabricated. Each panel was a 
12-ply unidirf ctional laminate made with cure pressures that 
ranged from 0.J45 to 5.52 "ira (50 to POO psi) . Physical 
dimensions and fabrication conditions are given in table i. 
Fdoricdtion ditails were similar to those given in ref. 1. 
Using only cur^ pressure as a fabrication variable, it was 
possible to proluce i significant range of matfrial 
prope r ties. 


The variitions in mat »rial properties are evident" in 
fig. 1 which shows ultrasonic throuah transmission ampli*-ude 
scans of selected panels. The ultrasonic scans were 
produced by a water immersion, two transducer method, 
described in ref. !. rh-» scans snow variation in ultrasor.ir 
attenuation due to factors such as voids, lelaninat ions, 
resin-richness, etc. cra.it- r attenuation corresponds 
lower signal levais relative tn the baseline in the 
amplitude scan Images. 
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Figure 1 shows two sets of scans. The first set, figs. 
1(4) through 1(c), shows the "optisua” product obtained with 
three different cure pressures. The second set, figs. 1 (d) 
through 1(f), shows low quality products all obtained with 
the saae cure pressure of 0.689 8Pa (100 psi). These 
represent potential product variations that sight occur even 
when production controls are in effect. 


After being ultrasonically scanned, the panels were 
subjected to stress wave siaulation seasuresents. Por these 
aeasureaents a sending transducer injects a repeating series 
of ultrasonic pulses into the saterxal. Bach of these 
pulses produces sisulated stress waves that aisic acoustic 
uaissioti events in the material, ref. U. A receiving 
transducer intercepts some of the simulated stress wave 
energy that radiates from the point of injection. 


The stress wive factor value generated for each test 
area depends on the wave propagation properties of the 
composite. licrostr uc^- ru 1 1 factors that influence the 

magnitude of the value are fiber/rebjn ratio, voids, 
delamiriitions, etc. The number generated is a relative one 
that will differ for substantially different specimen 
geometries, i.e., widths, thicknesses, etc. In this respect 
the stross wave me*-hod does not differ from the through 
transmission immersion method. In either case, calibration 
ajainst a standard piece of material is needed as a 
re f erence. 


The transducar configuration for simulation of stress 
waves and m*3asurement of the stress wave factor is 

illustrated in fig. 2. Stress wave simulation was 
accomplished with a ?.2S rHz piezoelectric transducer 
coupled directly to tne specimen surface. The receiving 
trans iucer was a piezoelectric acoustic emission transducer 
having a resonant frejuency of approximately 0.5 Hz and an 
effective bandwidth of roughly 1 IHz. 


The sending transducer injects longitudinal waves into 
thfc specimen. In the zone of signal injection a mode 
conversion effect occurs. The waves emanating from this 
zone are therefore complex and havf both transverse as well 
as longituiinal components. The receiver is coupled to the 
surtace through a wavejuile. The waveguile transmits only 
tne Ion jitudina.. component of the wave tnat is coupled into 
it. The waveguile also serves as a delay line tha*- 
separates t;i- receive) sijr.al from the input pulse for 
analytical purposes. 
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Tht) cotipllnvj aelluM to brlnq t probes into 

contact with the apeciien is an Isportant factor In saklnt] 
these seasur esents. It was fount that water with a wettinq 
a lent is appropriate to the qraphi te-polyiside coapcsite of 
this study. An alternative couplant is qlycerin. However, 
it is necessary to allow for a considerably longer 
"sett 1 inq-in” tile before the coupling Is established: >30 
seconds vs. <10 seconds with water. Hethyl alcohol gave the 
shortest sottling-in tiie but it evaporates too fast to be 
use t u 1 . 


The signals arriving it the receiver reseable "burst" 
typt acoustic emission events, tig. 2(d). After traveling 
through the coiposite, these snulatel stress waves bear the 
imprints ot factors that might alter an actual stress wave 
eman at ir.g from the injection zone. The siiulited stress 
wavta ate repeitel a» a timed rate R. t^e received signal 
roughly resembles a lecaying sinusoid. Each successive 
"Murst" is ideiit’icil to its predecessors. After 
.» mp 1 1 f icat ion, the receive 1 signals are sent to a counter 
that counts the numbar of oscillations N in each burst 
exceeding a fixed threshholl voltage. The counter is reset 
a utoma t ica 1 1 y after a predetermined time interval G and th.' 
previous court is hell in a memory and digitally displayed. 
The displayed count assume* a constant value soon after the 
specimen i •; couplti to the probes. It can readily be shown 
th.*t the oscillation court in each burst is numerically 
proportion il to its energy content as measured by finding 
ttie root -me.* n- s ju I re »mpli*>ide of the burst waveform. The 
number that is lispliyel is r = GPN, the stress wavi 
f .ic tor . 


The number e depends on factors such as signal gain, 
reset time, threshhold voltage, lepetition rate, *nd so 
t*)irh. All »bese factors *r« kept constant tor any series 
ot me.fsurements so th.*t • retl»cts only the material 
variations ot the specimen? tested. The stress wave factor 
is plotted ag»inst cure pressure in tigur*-' 1, see DT SCllSS I ( v 
tor ci*mmtr.fs. 


It IS possibl? »o metsure the stress wave factor in 
three diiections relative to the (unidirectional) fibers: 
(1) 1 on j it ud ina 1 ly , pirillel to the fibers with both probes 

on one side as in f i jure 2(c); (2) transversely, 
perpendicular to the t in. rs (a fain with probes on one si le) ; 
•ind (1) t ra nsvt rse 1 y , tl rough the laminate thickness with 
prob* s on ofiposite «?i Its. All the i values juoted i !. 
table I wort mtasurel I or. j 1 1 ud i na 1 1 y , ts in case (i). parh 
I value in table I is the arithmetic mean ot dd uniformly 
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spaced aeasureaents for rich panel. 


Frequency spectrua analyses were aade of the receiwed 
siqnals. Exanples of the frequency spectra are shown in 
fiqure U. These spectra correspond to the stress wave 
travelllnq parallel to the unidirectional fibers. For the 
5.52 MPa (800 psi) panel, the spectrua exhibits a stronq 
peak at about 0.75 MHZ, fiq. U (a) . As the cure pressure 
decieases (with a resultant increase in voids), this peak 
decrea ses. 


It should be recognized that the frequency spectra of 
the actual stress waves are aodified by the transfer 
function of the reciavinq transducer and instruaentation. 
To aake sure that the spectra shown are representative of 
ttie aaterial variations it is necessary to know the 

frequency response characteristics of the transducer. The 
rranducer rtsponsf. curve is shown in fiqure 4(f). Froa this 
it can hi infered that most of the siqnal modulation seen 
helow 0.9 MHz in the previous spectra arose because of 
material variations in the specimens. Measurement of 
throujh thickness transit times indicateil that frequencies 
from 0. J to 0.8 MHz should be reinforced, ref. 5. The 
stronq 0.75 MHz peak seen in the frequency spectra of fiqure 
J is apparently primarily dut to specimen plate resonance. 
However, it is seen that the amplitude at this frequency 
correlates with material properties and hence was a key 
factor in letermininq c . 


The instrumentation operated within a narrow fre<juency 
domain, l.e., between 0.1 *'Hz and 2.5 MHz. Different 
results shoui 1 be expected in case of substantially 
litferent frejutncy domains. The domain used was determined 
to he suitable tor tha composite material studied. The main 
criterion <as that the wavelenqth of the inlected pulses be 
of the order of the specimen thickness. The 2.2^ MHz 

traniucer introduced stronf frequency components in the 
resonance reqimt of tha specimen thicknesses involved. This 
criterion was based on practical considerations. The 
excitatiori pulses wera ir. iected with a 2-25 MHz transdu.er 
because hiqh*^r frequencies would not yield qood stress wave 
factor measurements for the full ranqe of material 

conditions. The attenuation woula be too hiqh tor hiqher 
void contents. Frequencies much lower than about n. i ih? 
-oull not produce wave int* ructions appropriate to the 
specimen microsttuctur'";. 
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DISCUSSION AND CONCLUSION 

It i» significant that the stress wave signal can run 
parallel to the aajor fiber direction. Thersfore, the 
stress wave factor can aeasure aaterial properties in 
directions that actual loads night assune. Note that the 
stress wave smulation nethod requires only one side access 
and that it innrdiataly returns a nuaber that rates the 
product. Also, the stress wave factor corroborates and 
augnents the qualitative indications given in the scan 
inages. The stress wave siaulation aethod yields a 

quantitative rating of laterial condition. When c values 
are coapared with scan iaages of the corresponding panels it 
is clear that low?r aean values of c are associated with 
less satistactory panels. Higher aean values of e are 
associated with panels that show less attenuation, for 
exanples compare tigs. 1 and J. 


The relation between c and cure pressure Is shown in 
the plot ot figure J. It has been demonstrated (ref. 3) 
that for the graphite fiber composite type lelt with here, 
material str*>ngth incretses directly with cure pressure over 
tne range studied. Hence, higher values of e do 
correspond to graater interlaminar shear strength. A 
composite with high values of c would exhibit higher 
strength because resistance to fracturing is enhanced by the 
same factors that increase c. Good trinsmission of 
ultrisonic energy denotes good transmission of dynamic 
stresses and loads. Conversely, low values of l would 
indicate tht» fracture ener ly is likely to concentrate near 
crack nucleation sites and thus induce crack jrowth. 


The curve in figure 1 is actually an upper bound that 
represents an apparent optimum condition for a given cure 
pressure. For example, a number ot panels that were made at 
0.h89 nPa (100 psi) varied considerably in the mean 
' value. Wh*»n examined by ultrasoninc scanning, these 
panels also exhibited a greater and more chaotic attenuation 
pattern, see tigs. 1(d) through 1(f). This observation 
demonstrates that the stress wave simulation method can 
distinguish inferior aa«-erial that can arise even when a key 
processing parameter (cure pressure) is controllel. 
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The various le.soniiice peaks in the frequency domain 
(figs. h(a) - 9(t)) inliratp the nature of the wave 
phenomena involved in measuring t . For the relatively 
thit. panels ot this stuviy the inlected ultrasonic wave 
reverberated between the panel surfaces. The signal 
reaching the receivtr was thereforf modulate) according to 
interlaminii property variations. 
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TABLE 1. - DESCRIPTION OF CRAPHITE-POLYIMIDE 
COMPOSITE PANELS* 


Panel^ 

Cure pressure^ 
MPa (psi) 

Thickness*^ 

cm 

Stress wave* 
factor 

31 

2.07 

(300) 

0.263 

10.910.7 

32 

3.45 

(500) 

.266 

12.610.5 

33 

5.52 

(800) 

.259 

13.710.4 

34 

1.38 

(200) 

.271 

2.910.4 

35 

1.38 

(200) 

.268 

4.810.3 

36 

1.10 

(160) 

.273 

2.210.4 

38 

,689 

(100) 

.276 

4.511.3 

39 

.689 

(100) 

.280 

4.810.8 

40 

.345 

(50) 

.310 

5.810.8 

41 

.689 

(100) 

.277 

3.510.6 

42 

.689 

(100) 

.265 

7.310.7 

44 

1.38 

(200) 

.230 

9.910.4 

46 

1.10 

(160) 

.231 

8 .910,6 

47 

.689 

(100) 

.250 

1.610.5 

48 

.862 

(125) 

.256 

2.110.3 


iiHatprial was AS-graphite PMR 15 polylmlde. 

^’Overall panel dimensions were 22.8 by 7.6 cm 
(9 by 3 in.). 

^Panels were cured at 315 C (600 I) for one 
liour . 

‘^Thickness vas 12 plys, unidirectional with 
long axis. 

‘‘Arithmetic mean of 90 uniformly-spaced 
measurer ents. 
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tcl PANIl 44. CUR( PRESSURE 
1. 38 MP« (TOO ptl). 


IMPANEL S. CURE PRESSURE 
^07MP*l300ptO. 


lil PANEL 33. CURE PRESSURE 
S. K MPi (800 mil. 


Ul PANEL 39. CLIRE PRESSURE (el PANEL 41. CURE PRESSURE (fi PANEL 47. CURE PRESSURE i 

0.689 MPa (100 Pill. 0.689MPa llOOpsll. 0.689MPI llOOmil. 


Figure 1. - Through trantmlssion Immersion ultrasonic amplitude scans of graphite-polyimide composite panels. Scans 
show amplitude of transmitted signal referred to zero transmission baseline reference at bottom. 
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